The agricultural landscape of French Guiana (Amazonia) is expected to undergo substantial change as a result of rapid population growth in the region. Such changes in the landscape will lead to the conversion of tropical forests into land destined for agricultural use. Little information is available on the effect of different agricultural systems on greenhouse gas (GHG) emissions in French Guiana. For our experiment, two hectares of forest were cleared, without the use of fire, at the Combi experimental site (sandy-clayey Ferralsol) at the end of 2008. After one year with legume and grass cover, the site was modified to include the following three fertilized agricultural systems: (1) Grassland (Brachiaria ruziziensis, mowed), (2) cropland (maize/soybean rotation) with disc tillage, and (3) cropland (maize/soybean rotation) with no-tillage in direct seeding. Soil N 2 O, CH 4 , and CO 2 fluxes were measured with dark chambers from May 2011 to November 2014. Our results show that grassland was a significantly lower emitter of N 2 O but a significantly higher emitter of CH 4 compared to the two cropland systems studied. We did not observe significant differences between the two cropland systems for N 2 O and CH 4 fluxes. Measurements of the net ecosystem CO 2 exchange would be useful to better compare the role of different agricultural systems as a source of GHGs.
Introduction
French Guiana is an overseas region of France located in Amazonia, South America. The demographic growth in French Guiana is rapid: The population, 259,865 inhabitants in 2015 [1] , is expected to reach 574,000 inhabitants by 2040 [2] . Tropical forest covers more than 90% of the land surface in French Guiana [3] . Nevertheless, the population growth has led to urban and agricultural expansion to the detriment of forests. Indeed, for the 2008-2012 period, deforestation occurred at a rate The uncertainty of GHG assessments related to natural humid ecosystems, forests, and agricultural areas in the tropics and subtropics remains high because of the scarcity of data, with sampling periods that are often short. Further, GHG fluxes are characterized by high spatial and temporal variabilities (e.g., [25, 26] ) and hotspots and hot moments. McClain et al. [27] defined biogeochemical hotspots as "areas that show disproportionately high reaction rates relative to the surrounding area" and hot moments as "short periods of time that show disproportionately high reaction rates relative to longer intervening time periods". Thus, more data sets are needed to complete regional and global estimates that are already established (e.g., [28] [29] [30] [31] [32] ). In tropical French Guianese forests, soil respiration (i.e., CO 2 fluxes) has been studied by several authors (e.g., [33] [34] [35] [36] [37] ), but it was only recently that Courtois et al. [38] studied CO 2 , CH 4 , and N 2 O fluxes simultaneously in forest topographical positions. To our knowledge, these GHG fluxes from different agricultural systems in French Guiana have not been simultaneously assessed until now.
At the Combi experimental site (Ferralsol), two hectares were deforested using a fire-free method, called chop-and-mulch, and three fertilized agricultural systems were set up: (1) Grassland, (2) cropland with disc tillage, and (3) cropland with no-tillage in direct seeding. At this experimental site, Petitjean et al. [39] compared N 2 O fluxes from forest soils with those from the three agricultural systems between the 19th and 31st months after forest conversion. The same diachronic experiment was used by Perrin et al. [40] and Fujisaki et al. [41] to report the organic carbon changes in the soils at this site from forest to 5-year-old agricultural systems. Here, we propose to simultaneously measure the main GHG fluxes (CO 2 , CH 4 , N 2 O) from the three agricultural systems and forest. The objectives of this paper are to (1) provide a first assessment of major soil GHG fluxes for fertilized grassland and fertilized croplands in French Guiana, (2) compare GHGs from these different agricultural systems, (3) identify the best set of soil parameters that can explain the variation in GHG fluxes from these soils, and (4) improve regional (Northern Amazonia) trace gas data from agricultural soils. In light of the previous studies carried out in Amazonia, we hypothesized that grassland and croplands will be CH 4 emitters, at least during wet seasons [13, 19, 24] , and that N fertilization will lead to higher soil N 2 O emissions [20, 24, 39] . We also hypothesized that the no-tillage cropland system will have lower soil CO 2 emissions [20] and similar N 2 O fluxes [39] relative to the disc tillage cropland system.
Materials and Methods

Study Site
The Combi experimental site (5 • 17 N, 52 • 55 W) is located 12 km south of Sinnamary, French Guiana, on the northeastern part of the Guiana Shield. The wet tropical climate (AMi type) is directly influenced by the seasonal north/south movements of the Inter-Tropical Convergence Zone, with a dry season from August to November (with monthly rainfall of less than 150 mm) and a wet season for the rest of the year. A short dry season in February/March usually interrupts the wet season. French Guiana shows a large precipitation gradient: From 1700 mm to 3500 mm from the northwestern to the southeastern part. The mean annual air temperature measured in Sinnamary is around 27 • C; evapotranspiration (Penman) is constant throughout the year, not exceeding 6 mm per day.
The sandy-clayey, nutrient-poor soil is classified as Hyperferralic Ferralsol [42] . This soil has a low water retention capacity and a porosity that favors vertical drainage. The slope of the site does not exceed 10% (for more information about forest soil parameters, see Perrin et al. [40] ).
The clearing of two hectares of forest to establish pasture and croplands occurred in October 2008 (dry season) with the fire-free chop-and-mulch method. Trees and stems with small diameters were mechanically chopped, and residual trunks were piled in windrows and carefully removed from the site the following year. A grass-legume mixture was sown after the soil was limed and incorporated with discs to a 20 cm depth. In October 2009, this cover crop and the remaining large wood chips from the forest trees were chopped into smaller pieces and incorporated into the first 20 cm of soil (for more
details about the chop-and-mulch method, see Perrin et al. [40] ). Figure 1 shows the history of the Combi experimental site.
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Figure 1.
History of the Combi experimental site (French Guiana) from October 2008 to November 2014. After deforestation and one year with legume and grass cover, three agricultural systems were set up: Grassland (G) and croplands (maize/soybean rotation) with either disc tillage (DT) or no-tillage in direct seeding (NT). Mz = maize, Leg = legumes, Soy = soybean.
Experimental Design and Agricultural Systems
Over the deforested area, three agricultural systems were delimited with a randomized complete block design: Four blocks, i.e., four plots (10 × 20 m), per agricultural system (Figure 2 ). In the adjacent forest, one plot (10 × 20 m) was also set up as a reference of the native ecosystem's soil parameters and GHG fluxes ( Figure 2 ).
Figure 2.
Experimental design at the Combi site (French Guiana): Randomized complete block design delimited over the deforested area. In the adjacent forest, one plot was also set up as a reference of the native ecosystem's soil parameters and GHG fluxes. Two chambers were installed for soil gas measurements within each experimental plot. G = grassland, DT = disc tillage cropland, NT = no-tillage cropland.
The three agricultural systems studied were the following:
• Grassland (G): Grassland of Brachiaria ruziziensis cv. ruzi mowed 2-3 times per year; After deforestation and one year with legume and grass cover, three agricultural systems were set up: Grassland (G) and croplands (maize/soybean rotation) with either disc tillage (DT) or no-tillage in direct seeding (NT). Mz = maize, Leg = legumes, Soy = soybean.
Experimental Design and Agricultural Systems
Over the deforested area, three agricultural systems were delimited with a randomized complete block design: Four blocks, i.e., four plots (10 × 20 m), per agricultural system (Figure 2 ). In the adjacent forest, one plot (10 × 20 m) was also set up as a reference of the native ecosystem's soil parameters and GHG fluxes (Figure 2 ).
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Experimental Design and Agricultural Systems
Over the deforested area, three agricultural systems were delimited with a randomized complete block design: Four blocks, i.e., four plots (10 × 20 m), per agricultural system (Figure 2 ). In the adjacent forest, one plot (10 × 20 m) was also set up as a reference of the native ecosystem's soil parameters and GHG fluxes (Figure 2 ). Figure 2 . Experimental design at the Combi site (French Guiana): Randomized complete block design delimited over the deforested area. In the adjacent forest, one plot was also set up as a reference of the native ecosystem's soil parameters and GHG fluxes. Two chambers were installed for soil gas measurements within each experimental plot. G = grassland, DT = disc tillage cropland, NT = no-tillage cropland.
• Grassland (G): Grassland of Brachiaria ruziziensis cv. ruzi mowed 2-3 times per year; Figure 2 . Experimental design at the Combi site (French Guiana): Randomized complete block design delimited over the deforested area. In the adjacent forest, one plot was also set up as a reference of the native ecosystem's soil parameters and GHG fluxes. Two chambers were installed for soil gas measurements within each experimental plot. G = grassland, DT = disc tillage cropland, NT = no-tillage cropland.
• Grassland (G): Grassland of Brachiaria ruziziensis cv. ruzi mowed 2-3 times per year; In 2011, because of a soybean seed supply problem, the soybean crop was replaced by a mixture of legumes (Crotalaria juncea and Stylosanthes Campo Grande) in the DT and NT systems (Figure 1) .
The amounts of fertilizers and dolomite added to the three agricultural systems are shown in Table 1 , as is the aboveground biomass production (yields and residues left on the field) (for more details, see Perrin et al. [40] and Fujisaki et al. [41] ). The amounts of fertilizers were calculated using technical references published by Embrapa (Empresa Brasileira de Pesquisa Agropecuária = Brazilian Agricultural Research Corporation); we calculated nutrient balances on the basis of the needs of the crops and adjusted the values according to plant and soil analyses. Soil carbon content was measured in the three agricultural systems each year from 2011 to 2014; the results are presented in Table 2 . 
Measurements of Trace Gas Fluxes
Fluxes of CO 2 , CH 4 , and N 2 O were measured using dark circular chambers (fixed base + removable lid). The stainless-steel bases (diameter: 0.35 m, height: 0.16 m) were inserted 0.06 m into the soil surface, and the aluminum lids were placed onto the chambers just before GHG sampling. A securely bonded pressure-cooker seal ensured air-tightness. A reflective film insulated the bases and lids to minimize heating of the chambers. Two such gas sampling chambers were installed per plot, i.e., a total of eight chambers per agricultural system and two chambers for the forest plot ( Figure 2 ). The two bases were placed in the middle of the plot in relation to the width of the plot (i.e., at 5 m from the edges) and at 5 and 15 m in the lengthwise direction (see Figure 2 ). In the cropland systems (DT and NT), chambers were set up in the inter-rows and thus did not include aboveground vegetation. Similarly, there was no aboveground vegetation included inside the chamber in the forest plot. Thus, for both cropland systems and forest, the CO 2 emissions correspond to soil respiration (belowground autotrophic respiration + heterotrophic respiration). In the grassland system, because the chambers included Brachiaria ruziziensis, CO 2 emissions also included aboveground autotrophic respiration. Chamber bases were permanently installed. However, in the agricultural plots, for crop-related maintenance, the bases were periodically displaced during experimentation. GHG sampling was carried out at least 24 h after the chamber bases had been reinstalled [43] . As the soil surface was not completely level, the headspace volume of the chambers (around 10.5 dm 3 ) was measured each time they were reinstalled.
Gas sampling was conducted during the morning. Gases were sampled through a rubber septum inserted into the lid. The chambers were sealed for 30 minutes, and three successive gas samples were taken (at 0, 15, and 30 minutes): 30 mL was extracted from chambers with a syringe and immediately introduced into a 12 mL vacuum glass vial (Labco ® , Lampeter, UK) until completely filling it. Gas samples were then sent by air to the laboratory (UMR EcoSys, INRA, AgroParisTech, Université Paris-Saclay) in Grignon (France). Gas concentrations were analyzed using a gas chromatograph (model Clarus ® 580 from PerkinElmer ® , Waltham, USA) equipped with an electron capture detector (95:5 argon:methane) for N 2 O determinations and a flame ionization detector (helium) for CO 2 and CH 4 measurements. The integrity of the gas concentrations in the vials was tested using sets of standards, which were sent by air to French Guiana before being returned to the laboratory in Grignon (France).
Gas fluxes were calculated using a linear regression between concentration and time. Carbon dioxide fluxes that did not yield a linear regression with r 2 ≥ 0.95 were rejected. In such cases, we concluded that some problems had occurred (e.g., a leak in the chamber or in the glass vials); subsequently, N 2 O and CH 4 fluxes were also rejected for these samples.
Fifty GHG sampling campaigns were conducted between May 2011 and November 2014, corresponding to 400 single-chamber measurements for each agricultural system and 100 measurements for the forest. More intensive sampling was carried out during the transition period from the dry to wet season (from November to January), which also corresponded with soil tillage dates (in the DT system), crop residue mineralization periods, and around N fertilization events for maize (for both cropland systems).
Rainfall and Soil Parameter Measurements
Two rain gauges with a tipping bucket (model 3029, 0.5 mm/tip from Précis Mécanique, Bezons, France) were installed on site, enabling continuous rainfall measurements.
On each gas sampling date, composite samples of the 0-15 cm soil layer were collected from each plot for soil analyses. Gravimetric water content (GWC) (24 h at 105 • C) and mineral nitrogen extractions were undertaken at the laboratory (LAMA, IRD) in Cayenne (French Guiana). The extractions of mineral nitrogen were carried out in 50 mL of 1 M KCl solution for 10 g of soil. The Griess-Ilosvay and the Koroleff with indophenol blue methods were used to measure nitrate (NO 3 − ) and ammonium (NH 4 + ) contents, respectively [44] .
The temperature was measured in the top 10 cm of the soil of each plot using a Campbell Scientific 108 probe (30-min averages were registered in a data logger (Campbell Scientific CR1000)).
Statistical Analyses
Statistical analyses were carried out with the software R version 3.4.3. To test the effect of agricultural systems on soil GHG fluxes, we used linear mixed-effects models using agricultural systems as the fixed effects and block and sampling dates as the random effects (package lmerTest, [45] ). Then, a Tukey post-hoc test was used to compare the agricultural systems.
To identify the soil parameters that best explain the variation in GHG fluxes, we used generalized additive models (GAMs) (package mgcv [46] ), which allow nonlinear and nonmonotonic relationships. We selected the best model, i.e., the one that explained most of the variation, using the Akaike information criterion.
Analyses were carried out on mean GHG data per plot, i.e., four replications per agricultural system on each sampling date. To achieve normality and homoscedasticity, flux data were log-transformed as N 2 O = log(N 2 O + 1.1), CO 2 = log(CO 2 ), and CH 4 = log(CH 4 + 60). A probability level of 5% was used. As CO 2 emissions from grassland plots included aboveground autotrophic respiration, these data were not included in statistical analyses. As the forest plot was not included in the randomized complete block design, no statistical analyses were done with forest data.
Results
Rainfall
Annual rainfall at the Combi experimental site was 2899, 3260, 3139, and 2418 mm in 2011, 2012, 2013, and 2014, respectively. Monthly rainfall data collected during this study (from May 2011 to November 2014) are reported in Figure 3 . In 2012, we observed a particularly long dry season (i.e., monthly rainfall of less than 150 mm) from the beginning of July 2012 to the end of January 2013. In 2011, 2013, and 2014, the dry season ranged from August to the end of November. In March 2014, the monthly rainfall was less than 150 mm; thus, data collected on 24 March 2014 were included as dry season data. Daily rainfall data are presented in Figure 4 . 
Soil Parameters and GHG Fluxes
Soil parameters and GHG fluxes are presented as a time-series in Figure 4 . Means and ranges for each parameter and GHG were calculated for the dry seasons and wet seasons. All data are shown in Table 3 . Data are unavailable for the periods between August and November 2012 and from August to October 2013 as a result of technical issues. Thus, the fifty GHG sampling campaigns were grouped as follows: 19 dry season dates (i.e., monthly rainfall ≤ 150 mm) and 31 wet season dates. In the forest plot, additional technical problems prevented us from obtaining temperature data from 21 November 2011 to 29 March 2012 and from 22 January to 07 May 2013.
As expected, the means of soil GWC measured during the wet seasons were higher than those measured during the dry seasons for each system (Table 3) . For the forest, soil temperature remained relatively constant (around 25 °C) during the seasons. For deforested soils, the ranges of temperatures measured were wider, e.g., from 24.5 up to 32.6 °C in the disc tillage plots (Table 3) .
For grassland, the highest NH4 + and NO3 -contents were measured on 15 December 2011 (mean ± SE: 13.5 ± 1.5 mg N kg −1 soil) and on 20 December 2012 (10.7 ± 3.7 mg N kg −1 soil), respectively. For both cropland systems, the highest NO3 − contents were measured from November 2012 to the end of January 2013 (9 sampling dates during these 2 months), corresponding to the maize fertilization The results from the GAMs (Table 4) (Figure 5) . Soil temperature had a significant effect on CO2 and N2O fluxes, while NH4 + content had a significant effect on CH4 fluxes (Table 4 ). 
Soil parameters and GHG fluxes are presented as a time-series in Figure 4 . Means and ranges for each parameter and GHG were calculated for the dry seasons and wet seasons. All data are shown in Table 3 . Data are unavailable for the periods between August and November 2012 and from August to October 2013 as a result of technical issues. Thus, the fifty GHG sampling campaigns were grouped as follows: 19 dry season dates (i.e., monthly rainfall ≤ 150 mm) and 31 wet season dates. In the forest plot, additional technical problems prevented us from obtaining temperature data from 21 November 2011 to 29 March 2012 and from 22 January to 07 May 2013. Mean ± SE 3.5 ± 0.7 3.6 ± 0.4 3.6 ± 0. As expected, the means of soil GWC measured during the wet seasons were higher than those measured during the dry seasons for each system (Table 3) . For the forest, soil temperature remained relatively constant (around 25 • C) during the seasons. For deforested soils, the ranges of temperatures measured were wider, e.g., from 24.5 up to 32.6 • C in the disc tillage plots (Table 3) Table 3 ). Three higher CH 4 emissions were recorded on 10 November 2011, 28 December 2011, and 07 January 2014 with 29.8, 23.0, and 45.9 g C ha −1 day −1 (mean per plot), respectively. Despite this, the means of the CH 4 fluxes from forest soil were negative for the dry and wet seasons (Table 3) .
With regard to the three agricultural systems, higher N 2 O emissions were measured, especially following N fertilization events (Figure 4) . Some negative N 2 O fluxes were measured in grassland, corresponding to approximately 4% of the measured fluxes. Grassland was a significantly lower N 2 O emitter than both of the cropland systems. We did not observe a significant difference between the DT and NT cropland systems (Table 3) .
Higher CH 4 emissions were measured in grassland plots, especially from April to August 2013 ( Figure 4) ; the means of CH 4 emissions were positive for the dry and wet seasons (Table 3) . For both croplands, the means of CH 4 emissions were negative for the dry seasons and positive for the wet seasons (Table 3) . Grassland showed significantly higher CH 4 fluxes than both of the cropland systems; we did not observe a significant difference between the DT and NT cropland systems (Table 3) .
Soil CO 2 emissions were significantly higher in the DT plots than in the NT plots (Table 3) . The results from the GAMs (Table 4) showed that soil NO 3 − content and GWC had a significant effect on all three GHG fluxes. Overall, in the agricultural systems, CH 4 fluxes increased as GWC increased; most of the negative fluxes (75% of the negative fluxes for the DT plots, 79% for the grassland plots, and 85% for the NT plots) were measured when GWC was ≤18% ( Figure 5 ). For N 2 O fluxes, we observed a bell-shaped relationship; the highest emissions were measured around 20% soil GWC ( Figure 5 ). Soil temperature had a significant effect on CO 2 and N 2 O fluxes, while NH 4 + content had a significant effect on CH 4 fluxes ( Table 4) . 
Discussion
Soil N2O fluxes
In soils, N2O is produced by diverse abiotic and biotic (microbial) pathways [47] . The processes of aerobic nitrification (i.e., oxidation of NH3 or NH4 + to NO3 − ) and anaerobic denitrification (i.e., conversion of NO3 − to N2) are considered to be the main contributors of N2O emissions from natural and managed soils [48, 49] .
For the forest soil at the Combi experimental site, the mean N2O fluxes (2.7 ± 0.3 g N ha −1 day −1 ) were on the same order as those previously obtained from the same experimental site in 2010-2011 (3.8 ± 0.5 g N ha −1 day −1 ) [39] and slightly lower than those measured in Brazilian forest, whose values were between 4.7 and 11.8 g N ha −1 day −1 [15,17,18,50] . We did not measure negative N2O fluxes in 
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Soil N 2 O fluxes
In soils, N 2 O is produced by diverse abiotic and biotic (microbial) pathways [47] . The processes of aerobic nitrification (i.e., oxidation of NH 3 or NH 4 + to NO 3 − ) and anaerobic denitrification (i.e., conversion of NO 3 − to N 2 ) are considered to be the main contributors of N 2 O emissions from natural and managed soils [48, 49] . For the forest soil at the Combi experimental site, the mean N 2 O fluxes (2.7 ± 0.3 g N ha −1 day −1 ) were on the same order as those previously obtained from the same experimental site in 2010-2011 (3.8 ± 0.5 g N ha −1 day −1 ) [39] and slightly lower than those measured in Brazilian forest, whose values were between 4.7 and 11.8 g N ha −1 day −1 [15, 17, 18, 50] . We did not measure negative N 2 O fluxes in forest soil, as were reported by Courtois et al. [38] .
For grassland plots, mean N 2 O fluxes (3.3 ± 0.8 g N ha −1 day −1 ) were on the same order as those previously obtained from the Combi site between the 19th and 31st months after forest conversion (2.4 ± 0.9 g N ha −1 day −1 ) [39] . Three higher fluxes were measured on 10 July 2012 (mean ± SE: 48.0 ± 6.7 g N ha −1 day −1 ), 08 July 2013 (47.1 ± 12.1 g N ha −1 day −1 ), and 30 June 2014 (24.8 ± 24.8 g N ha −1 day −1 ) ( Figure 4 ) and had considerable influence on the overall mean; without these higher fluxes, the mean N 2 O flux would be equal to 1.0 ± 0.1 g N ha −1 day −1 . These higher fluxes occurred after N fertilization events (Figure 4 ). Higher N 2 O fluxes were also measured for both croplands after N fertilization events (Figure 4) . At the Combi experimental site, maize fertilization took place between December and January. This period also corresponds to the first rains following the dry season (Figures 3 and 4) . Thus, we can assume that the rewetting of the soil and the availability of N (from N inputs) led to microbial hot moments (i.e., "short-term events or sequences of events that accelerate microbial processes as compared to the average rates", as defined by Kuzyakov and Blagodatskaya [51] ) that led to N 2 O hot moments.
Nitrous oxide emissions generally remain low if there is low water content because of the overall low microbial activity in these conditions [52] . Maximum N 2 O emissions usually occurred for water-filled pore space (WFPS) ranging between 60 and 80%. In our study, we measured the highest N 2 O emissions at around a GWC of 20% ( Figure 5) , which corresponds to a WFPS of around 60% for soils with a bulk density of 1.4, which is the bulk density of agricultural soils at the Combi site (0-20 cm) [40] . In their meta-analysis, van Lent et al. [53] applied a Gaussian function to define the relationship between N 2 O fluxes and WFPS and confirmed that maximum N 2 O emissions occurred at around a WFPS of 60% for a tropical data set. We also observed a Gaussian function-or a bell-shaped relationship-between soil N 2 O fluxes and GWC ( Figure 5 ). Such a distribution was previously observed by several authors during field experiments in agricultural soils (e.g., [54] [55] [56] ) and laboratory experiments (e.g., [57] [58] [59] ). Rabot et al. [60] also obtained the same type of relationship during a modeling approach and attributed the decrease in N 2 O fluxes at high water content to both the slow diffusion of gas through the soil and a high level of reduction of N 2 O to N 2 . In our study, mineral nitrogen was especially available, and the temperature was the highest when the GWC was intermediate, which could also contribute to the bell-shaped relationship.
The results of the GAM show that the best set of soil parameters explaining the variation in N 2 O fluxes from agricultural soils included NO 3 − and NH 4 + contents and GWC (Table 4) . Similarly, in their meta-analysis, van Lent et al. [53] highlighted that N fertilization (expressed as kg N ha −1 year −1 ) and WFPS were the best variables for estimating N 2 O fluxes from tropical agricultural soils (crops and pastures). As observed by Petitjean et al. [39] from N 2 O samples taken between the 19th and 31st months after forest conversion at the Combi site, we also found that N 2 O emissions from grassland were significantly lower than emissions from croplands, yet there was no significant difference in N 2 O fluxes between the two cropland systems. In the same manner, other studies conducted in Brazil (Ferralsol, clayey texture) found no significant difference between N 2 O fluxes from tillage and those from no-tillage cropland systems [61, 62] . Reduced or no-tillage can increase N 2 O emissions when compared with tilled systems [63] , especially in poorly aerated soils [64] . Indeed, no-tillage can increase soil water content and soil density (i.e., lower aeration), creating more favorable conditions for denitrification [65, 66] , often the main source of N 2 O production in agricultural soils. However, in soils with good and medium aeration, Rochette [64] showed that no-till had no impact on N 2 O emissions. The sandy-clayey soils that had low water retention capacity and low compaction at the Combi site might partly explain why the non-tillage of these soils did not lead to an increase in N 2 O emissions.
Soil CH 4 Fluxes
Soil CH 4 fluxes are the results of the balance between CH 4 production by methanogenic bacteria (during anaerobic digestion of organic matter) and its consumption by methanotrophic bacteria (i.e., oxidation of CH 4 to CO 2 ): When the balance is positive, soil is a CH 4 emitter; when it is negative, the soil acts as a CH 4 sink [67] .
Well-drained tropical forest soils have been reported to be a sink for CH 4 (e.g., [13, 19, 50, 68, 69] ). In Central Rondônia (Southwestern Brazilian Amazonia), Steudler et al. [13] showed that forest soils were a sink for CH 4 during both the dry and wet seasons, with maximum uptake rates during the dry season. In the same way, mean CH 4 fluxes from forest soil at the Combi site were negative in the dry and wet seasons ( Table 3 ). The mean CH 4 fluxes (−3.0 ± 1.7 g C ha −1 day −1 ) we obtained for forest soil were on the same order as those measured by Courtois et al. [38] in other French Guianese forests. These authors observed an overall seasonal pattern of CH 4 fluxes from forest soils: A sink during the dry season (mean CH 4 fluxes equal to −6.6 g C ha −1 day −1 ) and a (moderate) source during the wet season (mean CH 4 fluxes equal to 2.9 g C ha −1 day −1 ) [38] . We did not observe such seasonal patterns at the Combi site: The mean CH 4 fluxes were negative and almost similar for both the dry and wet seasons (Table 3) .
Previous studies showed that the conversion of tropical forests to croplands or pastures can reduce the soil CH 4 sink [70, 71] . Steudler et al. [13] showed that forest-to-pasture conversion led to a net source of CH 4 from soils (about 1 g CH 4 m −2 year −1 ). Indeed, the soils of young pastures (created by the slash-and-burn technique) rapidly became CH 4 emitters (as early as 4 years after conversion), especially when soil moisture increased (i.e., during the wet season). The same trend was observed by Verchot et al. [19] in the state of Pará (Eastern Brazilian Amazonia): Active pastures produced CH 4 during the wet season, and that induced a lower annual CH 4 uptake compared with the primary forest. At the Combi site, the fertilized grassland Brachiaria ruziziensis was a net emitter of CH 4 (Table 3) , despite some negative CH 4 fluxes measured. Nevertheless, we observed a seasonal trend: The mean CH 4 fluxes for the wet season were three times higher than those for the dry season (Table 3) . We also observed a seasonal pattern for both cropland systems, with negative mean fluxes for dry seasons and positive ones for wet seasons (Table 3) .
Water-filled pore space is a key factor driving CH 4 fluxes from tropical soils (e.g., [13, 24, 68] ). Authors previously observed a shift from CH 4 consumption to CH 4 emission at around 40% WFPS for pasture soils (Brazilian Amazon) [13] or around 50% for six land management systems, including a high-input cropping system (Peruvian Amazon, loamy soil) [24] . At the Combi site, we found that GWC had a significant effect on CH 4 emissions ( Table 4) . Most of the negative CH 4 fluxes from agricultural soils were measured at a GWC ≤ 18% (Figure 5 ), i.e., WFPS of around 50%, which mainly occurred during the dry seasons.
Nitrogen fertilization at the Combi site mainly occurred during the wet seasons ( Figure 4 ) and might partly contribute to the seasonal pattern we observed. Indeed, it has been shown (mainly under temperate climate conditions) that inorganic N inputs can act as inhibitors of methane oxidation (e.g., [72, 73] ), depending on the N species added [74] . However, other studies found an absence of inhibition or found stimulation of CH 4 oxidation following N inputs (e.g., [75] [76] [77] ). NO 3 − can also prevent methanogenesis [78] . Further research is required to better understand the interactions between ammonium, nitrate, and CH 4 fluxes.
In the Peruvian Amazon, Palm et al. [24] found that annual crop systems (maize-soybean or maize-peanut) with high N inputs (100 kg N.ha −1 as urea, with application split over two dates) were net CH 4 emitters, with annual average emissions of 1.33 kg C ha −1 year −1 , i.e., 3.6 g C ha −1 day −1 [24] . At the Combi site, the annual crop systems were also CH 4 emitters; however, the mean CH 4 fluxes were relatively low, especially for no-tillage cropland (0.2 ± 0.5 g C ha −1 day −1 , Table 3 ). We did not observe a significant difference in CH 4 fluxes between the two cropland systems (Table 3) . These results are in agreement with the study conducted by Metay et al. [61] on Ferralsol in the Brazilian Cerrados. Indeed, these authors did not find a significant difference in CH 4 fluxes between the tillage treatment (offset or disc harrow, 0-15 cm) and the direct seeding mulch-based treatment with cover crops [61] . Similar to the case for N 2 O emissions, we can assume that the texture and the physical properties of the Combi soil might partly explain why no-tillage did not result in an increase of CH 4 emissions.
Soil CO 2 Fluxes
The major components of the GHG balance are CO 2 emissions [79] . Soil CO 2 fluxes measured at the soil surface are the sum of belowground autotrophic respiration (roots) and heterotrophic respiration (microorganisms, invertebrates).
At the Combi site, CO 2 emissions from forest soil (25.6 ± 1.0 kg C ha −1 day −1 ) were on the same order as those measured by Janssens et al. [34] (23.8 kg C ha −1 day −1 ), yet lower than those measured by Courtois et al. [38] in other French Guianese forest soils (from 31.7 to 37.5 kg C ha −1 day −1 for dry and wet seasons, respectively).
Our results showed that soil CO 2 emissions were significantly lower in the NT system compared with the DT system. Similarly, Passianoto et al. [20] showed that, compared to the control treatment, CO 2 fluxes increased (37%) over the first two months following tillage (tillage plots) and decreased (7%) over the same period in the no-tillage/herbicide plots (Brazil, Rondônia state). These results are consistent with the fact that the tillage process leads to a large quantity of easily decomposable organic matter and exposes protected organic matter to decomposition by soil microorganisms.
At the Combi site, Fujisaki et al. [41] showed that soil organic carbon (SOC) stocks (0-30 cm layer) did not differ between the DT and NT systems five years after the conversion of forest to agriculture. The authors explained this result by the similarity of the C inputs in the two cropland systems [41] . Indeed, aboveground biomass left on the field (residues) was similar in the DT and NT systems (Table 1) . Further, aboveground biomass production (yields) was similar in both cropland systems (Table 1) . Likewise, Dimassi et al. [80] showed in a long-term (41 years) diachronic experiment (under temperate climate conditions) that tillage did not have an effect on either SOC stocks (0-28 cm and 0-58 cm layers) or crop yields and residues.
Because aboveground biomass (residues and yields) and soil organic C stocks did not differ between the two cropland systems, whereas CO 2 emissions were significantly higher in the DT system, we hypothesize that our results might partly overestimate the mean CO 2 fluxes from the DT system soil. Indeed, we used a manual measurement method, and more intensive sampling was carried out during the transition period from the dry to wet season (from November to January), which also corresponded with soil tillage dates in the DT system. Moreover, as a result of technical issues, data are unavailable for the periods between August and November 2012 and from August to October 2013, two dry periods without soil tillage. Tillage leads to modifications of soil physical parameters, such as bulk density, total porosity, and moisture content, which impact production and diffusion of CO 2 from soil. However, these modifications could remain only for a short period of time. Silva et al. [81] highlighted that, for a clayed textured soil, the variations in soil density and penetration resistance decreased as of the 12th day after tillage. This process of soil consolidation impacted the temporal variation in CO 2 emissions [81] . These authors showed that higher soil CO 2 emissions from an intensive tillage system are associated with a higher number of macropores, whereas lower soil CO 2 emissions from the no-tillage system are associated with a higher number of micropores and higher water retention [81] .
As the CO 2 emissions from grassland plots included aboveground autotrophic respiration, we did not compare CO 2 emissions between grassland and croplands. However, we can assume that high biomass of Brachiaria ruziziensis, especially belowground biomass, could contribute to higher soil CO 2 emissions (belowground autotrophic respiration) in grassland plots compared with cropland plots.
Measurements of the net ecosystem CO 2 exchange would be useful to establish a GHG balance and to better compare the role of different agricultural systems as a source of GHGs in French Guiana.
Suggestions for Future Research
We focused our investigation on soil GWC and N mineral content, as soil moisture (or WFPS) and N inputs have been shown to be key factors controlling N 2 O and CH 4 fluxes (e.g., [13, 20, 22, 24, 68, 82] ). However, we measured some GHG fluxes that were not well explained by these soil parameters. For example, negative and positive CH 4 fluxes were measured in the forest plot: −26.2 g C ha −1 day −1 at a GWC of 32% (on 10 January 2012) and 45.9 g C ha −1 day −1 at a GWC of 25% (on 07 January 2014), with similar NO 3 − and NH 4 + contents for the two dates ( Figure 3) . Further, we measured higher CH 4 emissions in grassland plots during the 2013 wet season, but we did not measure such high emissions during the 2012 and 2014 wet seasons ( Figure 3 ). Thus, for future research on GHG fluxes from forest and agricultural soils in French Guiana, we suggest (1) using techniques allowing high-frequency measurements (e.g., [83] [84] [85] ) in order to better evaluate spatial and temporal variabilities and to better 'catch' hot moments and hotspots and (2) investigating more soil and environmental parameters in order to better understand drivers of GHG fluxes from this sandy-clayey soil (Ferralsol). Further, a modeling approach could be helpful for estimating a GHG budget and/or understanding the distribution and drivers of hotspots and hot moments (e.g., [86] [87] [88] ).
Conclusions
The main objectives of this study were to measure and compare soil CO 2 , CH 4 , and N 2 O from different fertilized agricultural systems in French Guiana. Our results show that mowed grassland (Brachiaria ruziziensis) was a significantly lower N 2 O emitter but a significantly higher CH 4 emitter than both of the cropland systems studied (maize/soybean rotation). We did not observe significant differences between the disc tillage and no-tillage croplands (without cover plants) for N 2 O and CH 4 fluxes. This might be partly explained by the soil texture (sandy-clayey), as well as the soil's physical properties (low water retention capacity and porosity that favor vertical drainage). Higher N 2 O emissions were measured during fertilization periods, but fluxes were relatively low for the rest of the time. Soil CO 2 fluxes were significantly lower in the no-tillage system compared with the disc tillage system. However, we hypothesize that our results might partly overestimate the mean CO 2 fluxes from the disc tillage system soil; therefore, the results shown here must be confirmed. As highlighted by previous studies conducted in Amazonia, we showed that soil water content and mineral N content are important drivers of GHG fluxes. Additional research needs to be conducted on GHG fluxes from French Guianese forest and agricultural soils in order to better understand the drivers of CO 2 , CH 4 , and N 2 O fluxes and to be able to estimate a more accurate annual GHG budget.
